Although genetic factors clearly play a role in the etiology of schizophrenia, there is also an extensive literature on non-genetic risk factors. Most of the reported environmental risk factors relate to pregnancy and labor, e.g., winter birth, obstetrical complications and prenatal malnutrition (Torrey et al. 1997; Brixey et al. 1993; Dalman et al. 1999; Susser et al. 1996) . Although the mechanism by which these might lead to schizophrenia is unknown, the findings on these risk factors have been important contributions that reinforce the neurodevelopmental hypothesis of schizophrenia and provide a basis for focusing on early brain development in a search for pathophysiological mechanisms in the disorder.
Although genetic factors clearly play a role in the etiology of schizophrenia, there is also an extensive literature on non-genetic risk factors. Most of the reported environmental risk factors relate to pregnancy and labor, e.g., winter birth, obstetrical complications and prenatal malnutrition (Torrey et al. 1997; Brixey et al. 1993; Dalman et al. 1999; Susser et al. 1996) . Although the mechanism by which these might lead to schizophrenia is unknown, the findings on these risk factors have been important contributions that reinforce the neurodevelopmental hypothesis of schizophrenia and provide a basis for focusing on early brain development in a search for pathophysiological mechanisms in the disorder.
In combination, epidemiological and animal research suggest a mechanism by which prenatal stressors might increase the risk of schizophrenia in adult life. In this review, we will examine the common factor that can be identified in these disparate studies. Huttunen and Niskanen (1978) tested the hypothesis that stress on the mother during gestation would impact on the baby's psychological development. They found that subjects whose fathers had died before their child's birth had an increased risk of psychiatric disorders, including psychosis, compared with subjects whose fathers died during the first year of their child's life. The risk was greatest if the father's death occurred during the third, fifth, ninth, or tenth four-week period of gestation. Mednick et al. (1988) subsequently reported that a mother's exposure to influenza during gestation was associated with an increased risk of schizophrenia in her child. Only the middle trimester of gestation was associated with an increased risk of the disorder, leading Mednick et al. to suggest that "it is less the type than the timing of the disturbance during fetal neural development that is critical in determining risk for schizophrenia." A potential weakness of this first study of influenza was the "ecological fallacy," as not everyone who is in an area of increased infection contracts the infection of interest. In order to address this potential confound, the same researchers examined gestational records. They found that women with documented influenza-like syndromes were, in fact, the ones whose children had an increased risk of schizophrenia (Mednick et al. 1994) .
EPIDEMIOLOGICAL STUDIES
The putative role of influenza as a risk factor for schizophrenia is controversial (Crow 1994) . Some studies have replicated the effect (Izumoto et al. 1999; Kunugi et al. 1995) , whereas others have not (Morgan et al. 1997; Susser et al. 1994; Westergaard et al. 1999) . A review found relative consistency in studies of the 1957 pandemic, but less consistency for other influenza epidemics (McGrath and Castle 1995) . The effect size is small at best, accounting for a small percentage of all cases of schizophrenia.
However, since the initial reports on influenza other studies have suggested that, as Mednick, Huttenen, and coworkers (Mednick et al. 1988) hypothesized, exposure to other prenatal stressors during the second trimester may also increase the risk of schizophrenia. A reported association between the risk of schizophrenia and the incidence of respiratory infections other than influenza (O'Callaghan et al. 1994) , and the replicated association between prenatal exposure to polio virus and risk of schizophrenia (Torrey et al. 1988; Suvisaari et al. 1999) both suggest the influenza effect cannot be attributed to something unique about that one particular virus. Brown et al. (2000) found that prenatal exposure to respiratory infections also increases the risk of both psychotic and nonpsychotic disorders within the schizophrenia spectrum. Again, the increased risk was restricted to mid-gestation.
A direct effect of the virus itself is the most obvious explanation for the association between prenatal infections and increased risk of schizophrenia, but evidence that the fetus is infected with the virus does not exist. A proposed mechanism for influenza's effect on the risk of schizophrenia is a change in brain development due to the maternal or fetal immune response (Wright et al. 1993; Smith 1992) . Wright et al. (1993) suggested the maternal immune response to the infection yielded antibodies to fetal brain proteins. Crow (1987) proposed that some viral species insert genes into vulnerable individuals with existing genetic predispositions.
Other studies suggest that none of the factors specific to infection, such as fever or an immune response, is required for prenatal stress to affect the development of the fetus. Van Os and Selten (1998) found that subjects who were in mid-gestation during the 1940 invasion of Holland had an increased risk of schizophrenia in later life. Mothers exposed to the nuclear explosion in Nagasaki also were at increased risk for having schizophrenic offspring if they were in their second rather than third trimester of pregnancy at the time of the explosion (Imamura et al. 1999) . Myhuman et al. (1996) examined self-ratings of a woman's desire to be pregnant. The ratings were gathered prospectively beginning in the 6th or 7th month of gestation. Children whose mothers did not want to be pregnant had an increased risk of schizophrenia. This association was present after accounting for both maternal depression and measures of fetal wellbeing at the time of birth. Mothers whose children developed schizophrenia also reported greater depression during gestation (Jones et al. 1998) . A recent study also found an increased risk of schizophrenia if the subject's mother was exposed to a tornado during the second trimester of gestation (Kinney et al. 1999) . However, another natural disaster, a flood associated with a severe storm, was reported not to increase the incidence of schizophrenia (Selten et al. 1999) .
There are important limitations in these psychological stress studies, the most important being the lack of attempted replications. In some instances it will not be possible to attempt a close replication study. Moreover, there is a potential for confounding of the association between risk of schizophrenia and prenatal stress. Loss of a spouse, an unwanted pregnancy, and foreign invasion may all be associated with malnutrition and an increase in the incidence of infectious diseases, both of which are possible risk factors for schizophrenia (Susser et al. 1994 (Susser et al. , 1996 O'Callaghan et al. 1994) . Furthermore, exposure to a nuclear blast obviously has physiological effects in addition to a stress response, and can affect the baby directly. It is also possible that genetic risk confounded the relationship between unwantedness of a pregnancy and risk of schizophrenia in the offspring. Women in the schizophrenia spectrum, who would confer an increased genetic risk of schizophrenia on their children, may wish not to have a baby more frequently than do other women.
HYPOTHESIS
Although the limitations of the above mentioned studies need to be kept in mind, these studies do raise the possibility of a single pathophysiological mechanism underlying the association of both viral infection and psychological stressors, and the risk of schizophrenia. The common denominator tying these diverse studies together is the stress response known to be precipitated by both viral infection and psychological stress. However, stress is a complex physiological response to environmental per-turbations, and while the glucocorticoids are the hallmark of the stress response, other factors may also be released that affect changes in the fetal brain, e.g. cytokines, such as interleukin-1 and interleukin-6.
Survivors of natural disasters have abnormal hypothalamic-pituitary-adrenal axis responses (Goenjian et al. 1996) , and viral infection raises circulating cortisol levels (Trgovcich et al. 1997) . Several of the cytokines involved in the immune response, including IL-1, IL-6, and TNF, also are known to increase the secretion of glucocorticoid hormones (for a review see Turnbull and Rivier, 1999) . However, Parker and colleagues (Parker et al. 1993; Falkenberg et al. 1999) clearly demonstrated that maternal infections raise fetal levels of cortisol, providing evidence to support an involvement of adrenal steroid hormones in altering fetal brain development and thus, decreasing the likelihood that maternal cytokines influence the development of the fetal brain. Additionally, in situations where psychogenic stresses are employed, cytokine expression and glucocorticoid secretion can be dissociated from one another (PlataSalaman et al. 2000) although physical stresses may induce a release of cytokines as well as glucocorticoids (Takaki et al. 1994) . Interestingly, Barbazanges et al. (1996) reported that maternal adrenalectomy prevented the effects of prenatal stress on the developing fetal brain and glucocorticoid replacement reinstates the effects of the prenatal stress. Gardner et al. (2001) also reported that fetal hypoxia increases fetal glucocorticoid levels. Therefore, many of the environmental risk factors associated with schizophrenia can be associated with fetal glucocorticoid exposure, potentially of maternal origin, further enforcing the importance of minimizing exposure of the fetal brain to glucocorticoids.
Indirect support for the hypothesis that elevated glucocorticoid levels, regardless of cause, leads to increased risk for schizophrenia also comes from the study of Schaefer et al. (2000) , who found that obesity in the mother is a risk factor for schizophrenia in the offspring. Conversely, low maternal and fetal weights also increase the relative risk of schizophrenia (Wahlbeck et al. 2001) . Malnutrition and obesity during pregnancy represent two extremes, but both are associated with marked hypercortisolemia (Langley-Evans et al. 1996; Lesage et al. 2001; Chalew et al. 1995; Raber 1998; Bjorntorp and Rosmond 2000; Livingstone et al. 2000) . Thus, these seemingly contradictory data are still consistent with the putative hypothesis that stress hormones contribute to the elevated risk in these populations.
The hypothesis that hypercortisolemia during a critical period of gestation increases the risk of schizophrenia is parsimonious, as it unifies several studies into a single framework. It also has biological plausibility, for glucocorticoids have been shown to influence early brain development in laboratory animal studies. Alterations attributed to in utero stress or glucocorticoids have been found in brain anatomy, in the adult stress response, and in behavior. This evidence on the neurobiological effects of early glucocorticoid exposure warrants examination in some detail.
SUPPORTIVE DATA
Effects of Cortisol on Early Brain Development: Changes in the Adult Stress Response Takahashi et al. (1992) and Henry et al. (1994) first reported that repeated restraint stress during gestation enhances the responsiveness of the offspring's hypothalamic-pituitary-adrenal (HPA) axis to acute stress during adulthood. These studies show that exposure to prenatal stress reprograms the HPA axis and leads to a diminished ability to inhibit stress-induced glucocorticoid secretion. This reprogramming is probably the consequence of selective and long-term decreases in type I and type II glucocorticoid receptors in the hippocampus (Henry et al. 1994; Koehl et al. 1999) . Further experiments demonstrated that treatment of pregnant female rats with dexamethasone during the final week of gestation selectively decreases the expression of Type I and II glucocorticoid receptors in the hippocampus of the adult offspring (Welberg et al. 2001) . The decrease in hippocampal receptors for glucocorticoids causes impaired negative feedback regulation of the HPA axis that is particularly prominent during times of stress. Post-mortem studies also revealed a decrease in glucocorticoid receptor expression in brain tissue obtained from schizophrenic patients (Knable et al. 2001) . The increase in glucocorticoid secretion after stress present in adult prenatally-stressed experimental animals is associated with impaired cognitive capacity and diminished hippocampal volume (Lemaire et al. 2000) . Cognitive impairments and smaller hippocampal volumes have also been observed in schizophrenic patients (Flaum et al. 1995; Bilder et al. 1995; Velakoulis et al. 1999; Stefanis et al. 1999; Gur et al. 2000; Kupferberg and Heckers, 2000; Walder et al. 2000) . Patients with schizophrenia are also reported to have diminished feedback regulation of the HPA axis and other general abnormalities in HPA axis secretions (Yeragani 1990; Newcomer et al. 1991; Goldman et al. 1993; Lammers et al. 1995; Elman et al. 1998) . Some investigations have failed to elucidate abnormal regulation of glucocorticoid secretion in schizophrenics (Jansen et al. 2000) . However, strategies to reduce life stresses have been found to reduce the relapse rate for schizophrenic patients (Leff 1994) . In a recent publication Walder et al. (2000) reported that the disruption in schizophrenic cognitive abilities are inversely correlated with the patient's HPA axis status. Additionally, these authors found symptom severity to be correlated with HPA status, making the relationship between schizophrenia and stress axis activity significantly stronger (Walder et al. 2000) .
How can one be sure that glucocorticoids are involved in alterations in the developing brain? This question was addressed in a study by Barbazanges et al. (1996) , which showed specifically that maternal adrenalectomy abolished the effects of prenatal restraint stress on the offspring. This study directly points to glucocorticoids as the agent responsible for reprogramming of the fetal central nervous system, in general and the stress axis, in particular. The dependence on glucocorticoids has been confirmed by treating pregnant dams with dexamethasone during the final week of gestation which also leads to reprogramming of the set point of the stress axis in the adult offspring (Welberg et al. 2001 ).
Effects of Glucocorticoids on Early Brain Development: Neurochemical and Behavioral Changes
Glucocorticoid hormones have been shown to augment dopaminergic neuronal function at many levels. These effects appear to be mediated by glucocorticoid receptors that are expressed in many dopamine (DA)-containing neurons in the brain (Harfstrand et al. 1986; Cintra et al. 1994) . The presence of glucocorticoid hormones or stress during gestation also reprograms dopaminergic mechanisms in the brain. Glucocorticoids induce increases in DA metabolism (Tanganelli et al. 1990; Takahashi et al. 1992; Diaz et al. 1995; Barrot et al. 2000 Barrot et al. , 2001 in the striatum and increases in DA release in the nucleus accumbens (Piazza et al. 1996; Barrot et al. 2000) , although decreased DA metabolism in the nucleus accumbens has also been reported (Alonso et al. 1994) . With altered DA metabolism, changes in DA receptor function would be expected and increased D2 receptor binding has been reported in the nucleus accumbens (Henry et al. 1995) . In human subjects, glucocorticoid administration also increases plasma HVA levels while inducing psychotic symptoms (Wolkowitz 1994) . Furthermore, it has been shown that in order for stress to enhance the behavioral response to psychostimulants, glucocorticoids must be present (Deroche et al. 1992) .
Studies have shown significant behavioral changes in animals exposed to glucocorticoids during the final week of gestation. While there is controversy about the exact effects of glucocorticoids and prenatal stress on DA neurochemistry, uniform results have been obtained in multiple labs demonstrating that prenatal stress or prenatal corticosterone administration increases amphetamine-induced locomotor behavior (Henry et al. 1995; Diaz et al. 1995; Koenig et al. 2001 ). In the case of prenatal stress, maternal glucocorticoids are responsible for the modulation of DA function observed in the adult offspring (Barbazanges et al. 1996) . Increases in DA metabolism in schizophrenic patients were originally difficult to observe but using sophisticated imaging techniques in combination with an amphetamine challenge allowed investigators to demonstrate a heightened DA state in patients (Laruelle et al. 1996 (Laruelle et al. , 1999 .
In addition to changes in DA neurotransmitter activity discussed above prenatal stress causes an increase in the turnover of norepinephrine in the cortex and locus coeruleus (Takahashi et al. 1992) , and increases serotonin synthesis in fetal brain (Peters 1986 (Peters , 1988 (Peters , 1990 , as well as concentrations of the brainstem serotonin transporter in rats (Slotkin et al. 1996) . Alterations in serotonin-mediated behaviors develop between gestational days 15 and birth in rats (Peters 1988) , a period that coincides closely with the first appearance of glucocorticoid receptors in the central nervous system on day 16 (Cintra et al. 1993) . Therefore, early exposure to glucocorticoids also modifies the development of neurotransmitter systems proposed to be involved in the pathophysiology of schizophrenia, including norepinephrine, serotonin, dopamine and GABA (Davis et al. 1991; Roth and Meltzer 1995; Muneoka et al. 1997; Slotkin et al. 1996; Diaz et al. 1995 Diaz et al. , 1997 Lewis 2000) .
Several additional pieces of behavioral evidence support the heuristic value of the prenatal stress model for schizophrenia:
First, Lemaire et al. (2000) reported that administration of repeated restraint stress during the final week of gestation causes a decrease in hippocampal neurogenesis in the offspring beginning as early as 28 days after birth. This decrease in cell birth persists throughout the life of the animal and causes a significant reduction in the number of granule cells present in the dentate gyrus of prenatally stressed animals. The reduction in the number of granule cells is associated with a diminished ability of the prenatally stressed rats to find a sunken platform in the Morris water maze demonstrating their reduced ability to remember spatial locations.
Second, we have found that the exposure of pregnant female rats to a chronic variable stress paradigm during the final week of gestation disrupted sensorimotor gating in the adult male offspring as reflected by deficits in prepulse inhibition. Pregnant rats stressed during the second week of gestation failed to demonstrate altered prepulse inhibition responses (Koenig et al. 2001) . Isolation rearing, which appears to be a social stressor, also leads to abnormal prepulse inhibition (Varty and Geyer 1998) . Cognitive deficits, disrupted hippocampal anatomy and deficits in sensorimotor gating, i.e. P50, are features commonly observed in schizophrenic patients (Flaum et al. 1995; Bilder et al. 1995; Freedman et al. 1997; Clementz et al. 1998; Velakoulis et al. 1999; Stefanis et al. 1999; Gur et al. 2000; Kupferberg and Heckers 2000; Walder et al. 2000) .
Third, in terms of brain development, the stage of human brain development in the second trimester of gestation is almost identical to rat brain development during days 14-21 of gestation (Bayer et al. 1993 ). These findings from animal experimentation enhance the likelihood that stress during gestation at an appropriate time may be a factor in the incidence of schizophrenia.
While neurotransmitter-related changes have been reported to arise as a result of prenatal exposure to glucocorticoids or stress, other brain factors involved in growth and differentiation of the brain may also be modified. For example, chronic treatment of adult rats with corticosterone reduces levels of the neural cell adhesion molecule (NCAM) in the hippocampus (Sandi and Loscertales 1999) . Reduced NCAM levels have been noted in studies of post-mortem human schizophrenic brain tissue (Barbeau et al. 1995) , and may account in part for the abnormal neuronal migration found in schizophrenia (Akbarian et al. 1996; Kirkpatrick et al. 1999) , although there are also reports of increased expression of NCAM in schizophrenic brain tissue (Vawter et al. 1998) . Interestingly, Wood et al. (1998) report that mice with decreased expression of NCAM show markedly enlarged ventricles and disrupted prepulse inhibition. These features also have been reported in schizophrenic patients. The expression of GAP-43, a cell recognition molecule, is similarly reduced in post-mortem schizophrenic human brain tissue (Eastwood and Harrison 1998), and the expression of GAP-43 is under the negative control of glucocorticoid hormones (Chao and McEwen 1994) . Furthermore, prenatal exposure to glucocorticoids diminishes brain growth (Huang et al. 1999 ) while prenatal stress specifically decreases hippocampal volume (Lemaire et al. 2000) ; analogous changes have been reported in schizophrenic patients (Stefanis et al. 1999 ).
Lipska and Weinberger have developed a model for schizophrenia in rats using ibotenic acid lesions of the ventral hippocampus in seven-day-old rat pups. Damage to this structure induces hyperactivation of the dopamine (DA) system, behavioral changes that can be reversed by antipsychotic drugs (Lipska and Weinberger 1994) and sensory gating deficits Swerdlow et al. 1995) . However, these lesions of the ventral hippocampus also lead to glucocorticoid hypersecretion (Herman et al. 1995) . Considering that glucocorticoids are believed to enhance dopaminergic function (Casolini et al. 1993; Cho and Little 1999) , the model proposed by Lipska and Weinberger may be attributable in part to the effect of hypersecreted glucocorticoids on the developing brain. Molteni et al. (2001) also report that the ventral hippocampal lesions produce modifications in the expression of brain-derived neurotrophic factor (BDNF) and fibroblast growth factor-2 (FGF-2) in the brains of these animals. The expression of both BDNF and FGF-2 is known to be modulated by glucocorticoid hormones (Smith et al. 1995; Riva et al. 1995) . At present, however, the literature is vague about the direction of the change in BDNF expression in post-mortem human schizophrenic brain with both increased (Takahashi et al. 2000) and decreased (Weickert et al. 2001 ) expression being reported. BDNF is known to regulate ␥ -amino butyric acid (GABA) function (Rutherford et al. 1997 ) and DA D3 mechanisms providing an additional pathway through which glucocorticoids could act to modify neuronal growth, migration and survival.
DISCUSSION
The evidence that exposure to influenza in the second trimester of gestation increases the risk of schizophrenia in adult life is controversial. There are also important limitations to the reports of psychological stress during gestation as a risk factor for schizophrenia in adult life, as the number of studies is small, and the observed effect size in relation to schizophrenia is modest. In the case of some of the psychological stressors that have been cited, exact replications will not be possible because the exact circumstances cannot be reproduced. In addition, these stressors are often accompanied by other important factors that might be the true cause of any increase in risk (e.g., malnutrition and disease). In future studies of psychological stressors and risk of schizophrenia, clinical studies would benefit from careful attention to potentially confounding factors such as diet and infection.
The hypothesis that activation of the stress response during mid-gestation increases the risk of schizophrenia in the offspring provides a rational basis for the development of clinical, preclinical, and basic science research, and it merits further testing. This hypothesis has a strong biological plausibility, as analogous changes can be found in animals that have undergone prenatal stress, and the diverse stressors that have been studied to date lend themselves to a parsimonious mechanistic explanation.
Specific testable hypotheses that follow from this evidence include:
1. Prenatal stress in animals will lead to diminished hippocampal volume and impaired cognition, as measured by such tests as spatial delayed alternation, Morris water maze or novel object recognition recall paradigms. Impaired cognitive function is one of the major deficits in people with schizophrenia (Andreasen et al. 1999; Kupferberg and Heckers 2000) . 2. In patients with schizophrenia, the response to stress may be augmented due to reduced glucocorticoid negative feedback. There is already some evidence consistent with this hypothesis (Kaneko et al. 1992; Tandon et al. 1991) . Assessments of glucocorticoid receptor function in vivo, or mRNA and/or protein in post-mortem human brain tissue, could also be performed. 3. Animals exposed to prenatal stress will have anatomical alterations homologous to those found in postmortem studies of the brains of people with schizophrenia, such as decreased neuropil, changes in GABA cells, and increased density of the interstitial cells of the white matter (Selemon and GoldmanRakic 1999; Lewis et al. 1999; Lewis 2000; Akbarian et al. 1996; Kirkpatrick et al. 1999 ). 4. Animals exposed to prenatal stress will have changes in the serotonin (Breier 1995) and dopaminergic (Davis et al. 1991 ) systems similar to those found in the brains of people with schizophrenia, in addition to those already reported. 5. Animals exposed to prenatal stress will have behavioral abnormalities similar to those reported in animals with neonatal lesions of the dorsal hippocampus, and these abnormalities will be normalized with antipsychotic medications (Lipska and Weinberger 1994; Lillrank et al. 1995) . 6. Treatment of women during at risk pregnancies with high doses of betamethasone to mature their potentially premature children's lungs is becoming increasingly accepted. It would be predicted that these children should show an increased incidence of schizophrenia in later life.
CONCLUSION
The hypothesis that exposure of the fetal brain to elevated glucocorticoids, resulting from the mother's stress response during gestation, increases the risk of schizophrenia is parsimonious, has biological plausibility, and it is consistent with several findings on the effects of prenatal stress in animals. Consideration of this hypothesis also focuses attention on the need for further studies of prenatal psychological stress, and the need for greater attention to be paid in such studies to potentially confounding variables such as infection, malnutrition, and physical injury. Schizophrenia research would benefit from a greater ability to use clinical and preclinical lines of research to illuminate each other, and to develop testable hypotheses in the other realm. This is now possible in the area of prenatal stress. 
ACKNOWLEDGMENTS

